The melting of zircon and the amorphous state produced by quenching from the melt were simulated by molecular dynamics using a partial charge model combined with the Ziegler-Biersack-Littmark potential. The model has been established for the description of the crystalline and aperiodic structures of zircon in order to be used for the simulation of displacement cascades. It provides an excellent fit to the structure, and accounts with convenient precision for the mechanical and thermodynamic properties of zircon. The calculated melting temperature is about 2100 K. The activation energy for self-diffusion of ions in the liquid state was determined to be 190-200 kJ/mole. Melt quenching was employed to produce two different disordered states with distinct densities and structures. In the high density disordered state, the zircon structure is intact but the bond angle distributions are broader, 4% of the Si units are polymerized, and the volume swelling is about 8%. In the low density amorphous state, the Zr and Si coordination numbers are lower, and the Zr-O and Si-O bond lengths are shorter than corresponding values for the crystal. In addition, a highly polymerized Si network, with an average connectivity of 2, is observed in the low density amorphous state. These features have all been experimentally observed in natural metamict zircon. The present findings, when considered in light of experimental radiation effects studies, suggest that the swelling in zircon arises initially from disorder in the zircon crystal, and at high doses the disordered crystal is unable to accommodate the volume expansion and transforms to the amorphous state.
I. INTRODUCTION
Zircon (ZrSiO 4 ) is a promising ceramic host material for the disposition of high-level nuclear waste and the immobilization of excess weapons plutonium. 1, 2 It occurs in nature with U and Th concentrations of up to 5000 ppm, and exhibits high resistance to physical and chemical degradation. Zircon has also been observed to be an important actinidebearing phase in the crystallized core melt of the Chernobyl Nuclear Power plant. 3 As an actinide bearing phase, natural ZrSiO 4 undergoes self-radiation damage from ␣ decay leading to an aperiodic or amorphous state known as the metamict state. The ␣-decay event releases a high energy ͑4 -6 MeV͒ ␣ particle that dissipates its energy mostly by electronic energy loss processes and an energetic recoil nucleus of about 0.1 MeV that slows down by creating an atomic displacement cascade. 4 An understanding of radiation effects in crystalline zircon and a determination of the structure of the aperiodic state are essential to ensure the reliability of zircon and related ceramics for nuclear waste disposition. Furthermore, interest in amorphous zircon is driven by the fact that amorphous zirconium silicates are candidates to replace SiO 2 as the gate dielectric material in sub-0.1 m complementary metal-oxide semiconductor technology. 5 The accumulation of ␣-decay damage in zircon over geologic time scales (ϳ570 million years͒ has been extensively studied because of its importance to geochronology. In addition, studies of equivalent radiation effects, accumulated over two decades, in Pu-doped zircon and ion-irradiation effects in synthetic zircon have shed light on the effects of irradiation dose, temperature and ion mass on the loss of crystalline periodicity of zircon ͑Ref. 4, and references therein͒. The volume change associated with the crystalline to amorphous transition was found to be about 18%. 4, 6 However, there is considerable disagreement regarding the mechanism of amorphization. 4, 7, 8 Moreover, the atomistic details of damage accumulation and recovery in zircon are not well understood.
The structure of metamict zircon has also been examined by a series of experiments. Vance 9 studied the infrared ͑IR͒ spectra from natural zircon and concluded that the Si-O bonding was similar to that in vitreous SiO 2 , but found no evidence for phase separation into SiO 2 and ZrO 2 . A subsequent study 10 using IR spectroscopy concluded that the structure of metamict zircon consists of distorted and disoriented isolated silica tetrahedra and that the immediate environment of Zr 4ϩ ion is highly disturbed with variation in Zr-O bond distances and Zr-O-Si bond angles. Farges and Calas 11 used x-ray absorption spectroscopy ͑XAS͒ to determine that the Zr 4ϩ coordination number in metamict zircon is reduced from eight to seven in crystalline zircon and that the Zr-O bond length contracts by about 0.1 Å in the metamict state. The study suggests that a further contraction of the Zr-O bond length by 0.02 Å, which may occur at high radiation doses, could lead to six-coordinated Zr 4ϩ . A recent Raman spectroscopy study 12 of natural zircon samples concluded that ZrO 2 and SiO 2 are not the principal products of metamictization and that the SiO 4 tetrahedra are less polymerized than those in silica. Farnan and Salje 13 used 29 Si nuclear magnetic resonance ͑NMR͒ to probe local structure in natural zircon. They observed an average polymerization of two to three bridging oxygens per SiO 4 tetrahedra in metamict zircon, and suggest that a large number of interstitial defect oxygen sites may be present in the amorphous phase. This metamict state has been claimed to result from quenching of a molten state due to a thermal spike in the displacement cascade.
14 In contrast to these studies, Begg et al. 6 have observed by XAS and x-ray diffraction ͑XRD͒ that the amorphous structure of synthetic zircon containing 8.85 wt. % 238 Pu, subjected to accelerated ␣-decay damage over 18 years, was lacking in long-range order, but retained a distorted zircon structure with rotated SiO 4 and ZrO 8 polyhedra and zircon stoichiometry over length scales up to 0.5 nm. There is a pressing need to interpret these experimental results using atomic level simulations of damage accumulation and to compare the structure of metamict zircon to that of melt-quenched zircon.
In an attempt to elucidate the atomistic details of damage accumulation and recovery processes in zircon, several computer simulations have been performed recently. [15] [16] [17] [18] [19] Despite the fact that classical molecular dynamics ͑MD͒ simulations do not account for electronic effects, MD is ideally suited for the small time ͑ps͒ and distance ͑10 nm͒ scales associated with the dynamics of primary damage in zircon. MD simulations of radiation damage processes in ceramics are generally limited by the availability of reliable interatomic potentials to describe the complex interactions in oxide systems, the demands on computation time arising from the long range of the Coulombic interaction, and the nonequilibrium nature of the simulations that preclude the use of shell-model potentials found in the literature [20] [21] as well as charge transfer techniques that are far from reliable at present.
In the present work, the melting of zircon and structure of the amorphous state produced by melt quenching have been examined using a partial charge interatomic potential model developed at the CEA-Saclay. This model gives a quite satisfactory fit to the equilibrium structure and elastic constants of zircon. In addition, it reproduces the thermal decomposition of zircon at a temperature comparable to the experimental value and provides diffusion coefficients in the liquid state that are in general agreement with experimental values for silicate melts. Two different disordered states with volume swelling of about 8 and 18 % have been simulated. The results provide insights into the structure of amorphous zircon, and are in broad agreement with experimental observations and a recent ab initio molecular dynamics study.
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II. DETAILS OF THE SIMULATION
A. Interionic potential model
The interaction between the ions in zircon was modeled using the Coulomb potential given by
where q i and q j are the charges of the ions interacting at a distance r i j , e is the electron charge, and 0 is the vacuum permittivity. This interaction was evaluated using the smooth particle mesh Ewald method. 22 At distances less than 10 Å, an additional interaction was included for Zr-O, Si-O, and O-O pairs in the form of a Born-Mayer potential given by
͑2͒
The parameters A i j and i j for the three interactions, and the charges q for the Coulomb potential are given in Table I . The model parameters, including the ion charges, were determined by fitting to the structure, elastic constants, and dielectric properties of crystalline zircon. The specific heat C p and entropy S have not been included in the fitting. To be transferable to nonbulk crystalline phases and surfaces, further refinement of the potential is needed. The potential parameters were optimized using the GULP code 23 by minimizing the sum of squares of the differences between calculated and experimental values of the fitted properties.
For radiation damage studies, it is important to model the nuclear stopping accurately, by using a realistic repulsive potential. At distances much less than the equilibrium interionic separation, the Born-Mayer potential is joined smoothly to the repulsive Ziegler-Biersack-Littmark ͑ZBL͒ potential 24 ⌽ i j using the Fermi function F(r i j ) to give an effective short-range interaction of FV i j B ϩ(1ϪF)⌽ i j . The ZBL potential is a screened Coulombic repulsion between nuclei with a universal screening function fitted to a large number of atom pairs and has the form ⌽͑x ͒ϭ0.1818e
Ϫ3.2x ϩ0.5099e Ϫ0.9423x ϩ0.0.2802e
where
a 0 is the Bohr radius and Z 1 and Z 2 are the atomic numbers of the two atoms interacting at distance r i j . The Fermi function is given by
The parameters b f and r f were chosen to ensure that the potential and its derivative are continuous and monotonic for all values of r i j . The parameters of the Fermi function are given in Table II . The effective short range potential energy is shown in Fig. 1 for Zr-O, Si-O, and O-O interactions. The potential and its derivative were found to be finite, single valued and continuous for the range of values of r i j relevant to the simulation. The effective short-range potentials for all interactions were read from a table. Table III compares the lattice parameters, unit cell volume, bond lengths and bond angles from the present model of zircon to those obtained by experiment. 25 The fit to the structural properties of zircon is excellent. The relative stability of ZrSiO 4 in the zircon and reidite structures, shown in Fig. 2 , was also evaluated to test the reliability of the potential. Reidite is a high pressure polymorph of zircon found in upper Eocene impact ejecta layer in marine sediments and produced by shock loading of zircon at 30-50 GPa. 26 Both zircon ͑space group I4 1 /amd) and reidite ͑space group I4 1 /a) are tetragonal. The density of reidite is about 11% larger and the potential energy at 300 K ͑in the constant NVT ensemble͒ is about 133 kJ/mol higher than the corresponding values for zircon. The present model stabilizes the correct polymorph of zircon at 300 K. Table IV compares the elastic constants, thermodynamic properties, and static dielectric constant of zircon from experiment [27] [28] [29] [30] [31] [32] [33] and the present work. Matching the experimentally determined elastic constants and thermodynamic properties is essential to correctly model the response of the system to strains produced in the displacement cascade as well as the subsequent relaxation process. The present model is able to reproduce the equilibrium elastic constants, specific heat, entropy ͑calculated in the primitive unit cell with 32 k points along the Brillouin zone͒, and static dielectric constant of crystalline zircon as well as vibrational entropy up to 1800 K as shown in Fig. 3 .
B. The simulation method
Molecular dynamics simulations were performed using version 2.14 of the DLPOLY computer code 34 developed at Daresbury Laboratory, U.K. with a modification to allow the use of a variable time step. Most of the simulations were conducted with a cell consisting of 6ϫ6ϫ6 unit cells containing 5184 ions and a maximum time step of 1 fs. Energy conservation was within 1% of the kinetic energy. In addition, a limited number of simulations were performed with a cell consisting of 18ϫ18ϫ18 unit cells containing 139 968 ions to examine system size effects. The reidite structure was simulated using 8ϫ8ϫ3 unit cells containing 4608 ions and 22ϫ22ϫ10 unit cells containing 116 160 ions. Periodic boundary conditions were used in all the simulations. The constant NPT ensemble 35 was used to simulate the melting of zircon, while the amorphous state was studied in the constant NVT ensemble. 36 The simulation cell was initially equilibrated for 10 ps at a constant temperature and averages of various thermodynamic properties, diffusion coefficients, radial distribution functions, and bond angle distributions were determined over the next 10 to 20 ps. By determining diffusion coefficients in the melt at several temperatures, the activation energies for self diffusion have been determined.
Amorphous zircon was produced by melt quenching a simulation cell containing 5184 ions. Starting from the zircon crystal at 2000 K, the temperature was raised to 5000 K. The molar volume of the simulation cell was set 18% higher than that of the perfect crystal of zircon at 300 K. The simulation cell was equilibrated at 5000 K for 50 ps and quenched to 30 K over 10 ps by controlling the temperature of the outermost layers. This corresponds to a quench rate of the order of 10 15 K/s and is much higher than rates achieved in quenching experiments. The volume expansion was chosen to simulate the experimental observed swelling in amorphous zircon, 4, 6 and be consistent with the ab initio simulation of Balan et al. 19 The structure of melt quenched zircon with 18% swelling was examined at 300 K in the NVT ensemble and the pressure was found to be about 8 GPa. This structure will be referred to as the low density ͑LD͒ amorphous state to be consistent with the terminology used by Balan et al. 19 In addition to the LD amorphous state, a high density ͑HD͒ disordered state was simulated as follows in order to model a highly distorted zircon structure at the onset of amorphization. Crystalline zircon was equilibrated at 2100 K for 20 ps in the NPT ensemble and found to have a volume expansion of 8% relative to crystalline zircon at 300 K. The simulation cell was then quenched at constant volume using static layers at the boundaries and equilibrated in the NVT ensemble at 300 K for 10 ps. The computations were performed using multiple processors of a 6080 processor IBM/SP at the National Energy Research Scientific Computing Center at Lawrence Berkeley National Laboratory. Figure 4 shows the simulated molar volume of zircon as a function of temperature at zero pressure. The coefficient of linear expansion at 300 K is about 1ϫ10 Ϫ5 K Ϫ1 , which is larger than the experimental value. 37 The volume undergoes an abrupt jump between 2100 and 2200 K. The ZrO 2 -SiO 2 phase diagram 38 indicates that ZrSiO 4 decomposes into ZrO 2 -and SiO 2 -rich liquid at about 1960 K and the twophase region extends from 1960 to 2675 K.
III. RESULTS AND DISCUSSION
The radial distribution functions g(r) for zircon in the NPT ensemble at 300, 2200, and 5000 K are shown in Fig. 5 . At 300 K, the g(r) shows a Si-O peak around 1.6 Å and two Zr-O peaks around 2.1 and 2.3 Å. There is clear evidence of long-range order corresponding to the zircon structure. At 2200 K, the two Zr-O distributions merge into a single broad peak and the peaks of the Si-O and Zr-O distances shift to smaller distances of about 1.55 and 1.95 Å, respectively. There is no discernible structure beyond about 4 Å, indicating that there is no long range order at this temperature. At 5000 K, the Si-O and Zr-O bond lengths are slightly shorter, and at long distances, the g(r) curve overlaps the curve corresponding to 2200 K.
In an effort to understand the structural changes occurring around 2100 K, the connectivity of silicon units was determined from the number of bridging oxygens. In a perfect crystal of zircon, there are no bridging oxygens (Q 0 ), while in silica there are four bridging oxygens (Q 4 ). The presence of bridging oxygens is thus an indication of decomposition of ZrSiO 4 into ZrO 2 and SiO 2 . The cutoff distances for Si-O and Zr-O bonds have been taken to be 2.7 and 3.3 Å, respectively, in the present work. These values were chosen based on the minima in the respective pair distribution functions from a large number of configurations with varying levels of volume swelling. Figure 6 represents the connectivity of Si at 2100, 2200, and 5000 K. At 2100 K, nearly 93% of Si ions are unconnected, while about 7% have one bridging oxygen.
The corresponding values at 1650 K ͑not shown in Fig. 6͒ The abrupt increase in volume, loss of long range order in the radial distribution function, and significant increase in the fraction of Si connected to other Si through O bridges indicates decomposition of zircon above 2100 K. In addition, the mean square ionic displacement increases linearly with time above 2100 K, which is a clear indication of random walk or diffusive processes that are characteristic of the liquid state. This temperature is in good agreement with the experimental value of 1960 K. 38 Due to the lack of free surfaces and point defects in the present work, the transition temperature is overestimated and the observed temperature can be considered the upper limit of the melting temperature. A simulation cell containing 139 968 ions was examined at 300 and 2200 K in the NPT ensemble at zero applied pressure for 10 ps to compare with the above results obtained for 5184 ions. The results were identical for the two system sizes, and indicate that the observed phenomena are independent of system size. The ability of the potential to reproduce not only the elastic constants and structure but also the thermal decomposition of zircon indicates that it is well suited for the study of radiation damage in zircon leading to the disordered state.
The self-diffusion coefficient in molten zircon for each ion D ion was calculated in the temperature range 3000 to 5000 K, by determining the mean square displacement ͗⌬r ion (t) 2 ͘ as a function of time t in the linear regime over times of the order of 20 to 50 ps using the equation
͑6͒
The self-diffusion coefficients of Zr, Si, and O ions in zircon is plotted on a logarithmic scale as a function of the reciprocal temperature at 500 K intervals between 3000 and 5000 K in Fig. 7 . The least-squares linear fit to the data is also shown. The self-diffusion coefficients of the ions are well described by an Arrhenius relationship. The preexponentials and activation energies for diffusion are shown in Table V . Direct experimental data on self-diffusion in molten zircon is unavailable, which precludes a reliable comparison with experiment. The calculated values are nevertheless consistent with the first stage of recrystallization of partially metamict zircon identified by Giesler et al. 39 as driven by point defect annealing with an activation energy of 212 kJ/mole. Furthermore, the diffusion coefficients obtained in the present work are broadly consistent with experimentally determined selfdiffusivities of Si and O in silicate melts. [40] [41] In addition to studying the thermal decomposition of zircon, the relative stability of zircon and reidite ͑high pressure polymorph͒ were examined by simulating the reidite structure in the NVT ensemble at 300 K and the NPT ensemble at 300 K with zero applied pressure. Reidite cells containing 4608 and 116 160 ions, respectively, were simulated with lattice constants aϭ4.738 and cϭ10.506 Å corresponding to a density of 5161 kg/m 3 . In the NVT ensemble at 300 K, the potential energy of reidite was about 133 kJ/mole higher than that of zircon, and the pressure on the cell was about 17 GPa. The experimentally documented 26 athermal transformation from reidite to zircon was not observed in the present work. Instead, when reidite was allowed to relax at zero pressure and 300 K in the NPT ensemble, it transformed into an amorphous state with a volume swelling of about 42%, but comparable to the LD state as far as the Si-O and Zr-O distributions, and the lack of long-range order are concerned. The LD state has a potential energy about 15-30 kJ/mole higher than that of crystalline zircon, depending on the swelling and level of relaxation of the amorphous state. Thus, there exists a large driving force of nearly 100 kJ/mole for reidite to transform to the LD amorphous state. The thermodynamic properties of the reidite state and the occurrence of the reidite to LD amorphous transformation were found to be independent of system size. Figure 8 shows the radial distribution functions ͑RDF's͒ for the HD and LD disordered states. The peak in the Si-O distribution is at about 1.48 and 1.54 Å in the LD and HD states, respectively. The peak in the Zr-O distribution occurs at 2.0 and 2.2 Å in LD and HD disordered states, respectively. The corresponding experimentally determined value in metamict zircon is about 2.14 Å. 42 These distributions are narrow in the LD state and broader in the HD state. The LD state has no long-range order, while the HD state is disordered but retains peaks characteristic of the zircon structure as is evident by comparing Fig. 8 and Fig. 5 . The average Si coordination is about 3.5 and average Zr coordination is about 7 in the LD state. The latter value reproduces well the experimental Zr coordination of 6.8 -7.2 in metamict zircon. 42 The Si and Zr coordination numbers in the HD disordered state are 4 and 8, respectively, as is the case for crystalline zircon.
The connectivity of Si units in LD amorphous and HD disordered states is shown in Fig. 9 . The average polymerization of Si in the LD amorphous state is 1.95, while it is 0.04 in the HD state. The decreased coordination of Zr, the shortening of the Zr-O bond, and the average polymerization of Si units in the LD amorphous state are all consistent with recent ab initio molecular dynamics simulations 19 and experimental XAS ͑Ref. 10͒ and Raman studies. 11 However, the Si-O bond distance of about 1.48 -1.56 Å observed in the present work for disordered states is shorter than the value of 1.68 Å observed in ab initio calculations.
19 Figure 10 shows the pair distribution functions, which represent the probability of finding a given pair of ions weighted by the atomic numbers, for Zr-Zr, Zr-Si, and Si-Si pairs in the HD disordered state. These pair distributions, and the coordination numbers of Zr and Si, are similar to those determined experimentally by Begg et al. 6 in synthetic zircon amorphized by the decay of incorporated 238 Pu. The occurence of a single Zr-O peak at 2.2 Å in the pair distribution function ͑not shown in Fig. 10͒ is also consistent with the results of Begg et al. 6 The HD disordered state was found to have a potential energy of about 20 kJ/mole higher than the perfect crystal, while the corresponding value for the LD amorphous state is between 15 and 30 kJ/mole. These values are smaller than the 59 kJ/mole value of enthalpy of annealing of metamict zircon determined by calorimetry. 43 The structure of HD and LD states was further examined by comparing the distributions of O-Si-O bonds and Zr-O-Si bonds in HD and LD states with those for crystalline zircon equilibrated at 300 K. These are shown in Figs. 11 and 12 , respectively. In crystalline zircon, the O-Si-O distribution shows sharp peaks at 97°and 116°, while the Zr-O-Si distribution shows peaks at 100°and 151°, as indicated in Table III . The O-Si-O peaks become broader and start to overlap in the HD state, while the LD state shows a very broad distribution with a peak at about 120°. The Zr-O-Si also shows this progressive broadening of the bond angle distribution in going from the crystal to the HD state and then the LD state.
In order to examine the role of volume expansion in the crystalline-to-amorphous transformation of zircon, the HD state was isotropically expanded at 300 K in the NVT ensemble. After a small expansion of the HD state, corresponding to 10% volume swelling relative to the perfect crystal, the transformation to the LD amorphous state occurred. The peak of the Zr-O and Si-O bond length distributions shifted to lower values of 2 and 1.48 Å, respectively. The Zr and Si coordination numbers decreased to about 7.2 and 3.6, respectively. Nearly 10% of the Si showed Q 1 connectivity and a further 2% Q 2 connectivity indicating an increase in Si polymerization. The energy of the system decreased by about 3 kJ/mole during this transformation. These results indicate that the HD state represents a critical volume expansion beyond which crystalline zircon becomes thermodynamically unstable with respect to the amorphous state. This is consistent with the fact that the HD state is obtained by quenching from crystalline zircon heated to a temperature just below the onset of melting. Furthermore, experimental results 4 from natural zircon indicate that the volume expansion of the crystalline regions of the sample increases with dose and saturates at about 4 -6 % for a dose of 0.15-0.3 dpa. The contribution of the crystalline fraction dominates the total macroscopic swelling up to a dose of 0.15 dpa. At higher doses, the amorphous fraction increases rapidly with dose, suggesting that there is a limit beyond which volume expansion of the crystal leads to amorphization.
The present simulations are consistent with the generalized Lindemann melting criterion 44 -46 that is based on parallels between melting and solid state amorphization. Wolf et al. 44 proposed a thermodynamics-based description of melting and solid-state amorphization, according to which volume expansion is the underlying cause of disordering in both phenomena. Beyond a critical volume expansion, the disordered crystal becomes thermodynamically unstable with respect to the amorphous state. Okamoto and co-workers 45, 46 have proposed that the sum of the dynamic and static root- mean-square atomic displacements expressed as a fraction of the nearest-neighbor distance is a better indicator of mechanical instability than volume expansion, critical strain, or atomic level stress. According to this model, the crystallineto-amorphous transition can be viewed as disorder-induced melting of a defective crystal occurring at temperatures below the ideal glass transition temperature.
In the present work, the HD state represents the disordered crystal at the onset of amorphization, while the LD state is comparable to fully amorphous zircon. This is evident from Fig. 13 , which shows a small section of the simulation cell for HD and LD states. In the HD state, the bonds are distorted and bond lengths are different when compared to the perfect crystal, but the ZrO 8 
IV. CONCLUSIONS
The thermal decomposition of zircon and the structure of disordered states of zircon have been simulated by molecular dynamics using a newly developed partial charge model that reproduces the structure, elastic properties, and thermal decomposition of zircon. The activation energy for selfdiffusion in the liquid was found to be about 190 kJ/mole in reasonable agreement with experimental data from silicate melts. Two disordered states were simulated to model metamict zircon. A high density disordered state with minimal Si polymerization, bond distortion, and a volume swelling of 8% was found to correspond to a distorted zircon crystal at the onset of amorphization. A low density amorphous state with a volume swelling of 18%, average polymerization of Q 2 , reduced Zr coordination, and considerable bond distortion matched the structure observed experimentally in metamict natural zircon. These results, when viewed in light of experimental findings in irradiated zircon, suggest that at low doses, the damage in zircon is accommodated within the crystal lattice. This disordered crystal becomes thermodynamically unstable with respect to the amorphous state as the volume expansion increases with dose.
